Abstract: Estimation of hydraulic and geometric parameters of a gravel-bed river such as dimensions of bedforms is very difficult task, although they play a fundamental role in river engineering projects. One of the methods to get essential information regarding the bedform characteristics is to find the relations between the flow parameters and bedform dimensions. We conducted this field study in the Babolroud River in northern Iran to investigate the application of double averaged method in unspecific gravel bedforms to evaluate friction factor. Using data collected from several river reaches with total length of 356 m of a gravel-bed river, the relationship between bedform geometry (height and the length of bedforms) and flow parameters including shear velocity, transport stage parameter with friction factor is investigated. Different methods for estimating bedforms dimensions are examined to assess the ability of predicting bedform parameters (length and height) in a gravel-bed river. Using bedform parameters, the contribution of particle and form friction is estimated. Results confirm the application of the double averaged method and existing bedform parameters for unspecific bedforms. There exists a similar trend between aspect ratio and friction factor in gravel bedforms.
INTRODUCTION
Rivers or river systems are very important sources for supplying fresh water and habitat of aquatic animals, play a vital role in human beings and livelihood. Recent studies show that bedforms are important features on fish habitat (e.g., Dey, 2014; Fazlollahi, 2015a and b) . Also bedforms play a significant role on friction factor and sediment transport in rivers (Garcia, 2008; Julien, 2010) . In the past half-century, a lot of attempts have been done to relate bedform and flow characteristics in alluvial channels (e.g., Carling, 1999; Carling et al., 2005; Formann et al., 2007; Keylock et al., 2014; Liedermann et al., 2014; MacVicar and Rennie, 2012; Milan, 2012; Singh et al., 2012; van der Mark et al., 2008) . From the published research work including above-mentioned literature, some issues do need further investigation including the aspect ratio (the ratio of channel width W, to flow depth h). Up to date, the aspect ratio is normally not considered in the studies of bedforms of gravel-bed rivers. Bennett and Best (1995) did experiments in a laboratory flume with the width of W = 0.3 m. In their experiments, the aspect ratio is W/h = 3 and the median size of bed materials is D 50 = 0.22 mm. To investigate turbulent flow characteristics on bedforms, Singh et al. (2012) did experiments in a flume with the width of 2.75 m and length of 84 m, the aspect ratio is W/h = 6.4 and the median size of bed materials is D 50 = 7.7 mm. They have carried out experimental studies for more than a decade based on different bedforms geometry in laboratory scale, and compared their results to those of other researchers. They encountered a problem, namely, when the aspect ratio exceeds 10 in gravel-bed rivers, their laboratory results with small aspect ratio cannot be extended to field results. Does the change of aspect ratio affect the velocity profiles and Reynolds stress patterns? If yes, it will greatly change the estimation of roughness coefficient and other river processes including sediment transport. Up to date, some researchers have done interesting works based on field measurements in rivers for different objectives. MacVicar and Roy (2007) conducted field observations over pools and riffles with small lee side angle (downstream side of bedform) in some rivers in Province Quebec/Canada. They pointed out that it is necessary to better understand the interaction between bedforms, flow velocity and turbulence. Based on field data collected in some local rivers, Formann et al. (2007) tried to develop the relation between hydraulic and morphologic parameters using 2D and 3D models. Under the condition of uniform and steady flow, van der Mark et al. (2008) carried out experiments to study bedforms. Van der Mark et al. (2008) found that if the aspect ratio is less than 10, changes in bedform geometry decreases. They also claimed that the slope of lee side of bedform in flumes are considerable steeper than those in natural rivers.
Various factors in natural rivers have made the interaction of bedform and turbulence very complex. Despite the bedformsflow is very complicated, research work regarding the interaction of bedform and turbulence described by hydraulic and geometric parameters makes progress. Many researchers have studied river morphology with respect to fish habitat, sediment transport and channel evolution. However, only a few of them have investigated the relation between bedform dimensions and friction factor with aspect ratio.
Up to date, a number of methods have been presented to relate bedform dimensions to flow characteristics (e.g., Dey, 2014; Garcia, 2008; Julien, 2010; van Rijn, 1984; Yalin, 1992) . Dimensional analysis shows that the main controlling parameters used to predict the bedform dimensions are dimensionless particle size (D * ), relative roughness (D 50 /h) and dimensionless shear stress (τ * ) which will be described in the following section. For instance, to predict the bedform dimensions over dunes, van Rijn (1984) applied these parameters with particle diameters ranging from 0.19 mm to 0.23 mm for laboratory data and from 0.49 mm to 3.6 mm for natural rivers with an aspect ratio of larger than 3 and the flow depth more than 0.1 m.
As pointed out by Julien and Klaassen (1995) , to predict bedform dimensions, van Rijn's results showed a large variability for natural rivers under different conditions. Also, van Rijn's results under-estimated dimensions of bedforms under different morphodynamics conditions (Julien, 1992; Raslan, 1991; Terms, 1986) . The reasons may be caused that most studies were conducted in flumes under controlled conditions, and then to extend the results from model to prototype with unjustifiable assumptions. For example, in coarse-bed rivers, a wide range of bed materials is prevalent, therefore, the assumption of a uniform bed materials and uniform flow is not reasonable. Since the morphological condition in natural rivers is very complex, it is impossible to find well-recognized bedforms with a certain number of consecutive bed-surface fluctuations having both identical length and amplitude. Therefore, no classic term (e.g., dune, pool or riffle) can be assigned to the selected bedforms in this study.
River engineers know that the van Rijn's method was developed for dune-type bedform. Therefore, it may not be applied to the rivers with coarse bedforms. However, it should be mentioned that although van Rijn is known as pioneer who used some important parameters (e.g., T and D * ) to predict the dune-bedform dimensions, it is necessary to extend the application of these important parameters to other bedforms in coarse-bed rivers.
To achieve this goal, several questions must be answered in unspecific bedforms of a coarse-bed river:
(i) What flow velocity and shear velocity should be used to calculate friction factor? Some researchers applied DoubleAveraging Method (DAM) over sharp-crest gravel dunes and pools (Fazlollahi et al., 2015a and b; Motamedi et al., 2014; Nasiri et al., 2010) . Can this method be used to get required information over unspecific bedforms in a gravel-bed river in order to determine shear velocity and total friction factor?
(ii) Can one apply the important parameters for predicting dune characteristics to unspecific bedforms of a gravel-bed river using the double-averaging method?
(iii) What role does play aspect ratio in the estimation of friction factor in unspecific bedforms?
FIELD MEASUREMENTS The study site
Data for this study were collected in the Babolroud River in Mazandaran Province in northern Iran. This river originates from Alborz Mountains in Savadkooh and flows through two important cities, Babol and Babolsar, toward the Caspian Sea, showing the flow direction from south to north. The length of this river is about 78 kilometers. Some hydraulic structures such as bridges and dams are built along this river. To identify the dominant bedform of the river, the authors walked more than 60 km along this river. However, based on the criteria presented in reference books (Dey, 2014; Garcia, 2008; Julien, 2010; van Rijn, 1993) , no classic bedform has been observed. For example, dunes have an approximately asymmetric triangular shape with a steep lee-side and gentle stoss-side. Therefore, four straight river reaches, namely, Anarestan reach; Daroonkola 1 st reach; Daroonkola 2 nd reach; and Klarikola reach, were selected with the average length of 89 meters and width of 22.7 meters. Sixteen cross sections in these reaches were selected for collecting more accurate information of bedform characteristics and hydraulic parameters such as discharge, water surface slope and velocity. Figure 1 illustrates geographic position of the selected river reaches and their distance from each other. Table  1 gives the features of the selected reaches including length and average width, number of cross sections in each reach and average of flow discharge in March and April. As shown in Table 1 , the flow in all 4 reaches is subcritical flow. 
Approaches for measurements
After selecting the river reaches and appropriate cross sections (straight path along the river, without obvious obstacles such as boulders in river, vegetation along the banks and nonuniform flow), following variables along each cross section were measured: flow velocity, flow depth, water surface slope, particle size and riverbed bathymetry. Data collections have been conducted during two periods: the first period was in March and April during the high flow season in the Babolroud River. The second survey period was in June during relative low flow period, nearly 2 months after the first measurement period to ensure that the riverbed is stable. Bedform characteristics in a gravel-bed river Along the axis of each river reach, in every 10 m or 5 m, a patch was selected to measure particle size and its distribution. , respectively. A current-meter made by Vale Port Company in England was used to measure point velocity at different flow depths. In each section, 3 to 6 velocity profiles with 7 to 19 point velocities were measured. Also, at a distance of every 5 m or 10 m along the central axis of each river reach, one velocity profile with 7 to 18 point velocities was measured. In addition, mean point velocities at each cross section were determined at a relative flow depth of 0.2 and 0.8 for each 1 m in width across the river to better estimate the flow discharge of the river. The collection period of each point velocity measurement in a profile was 50 seconds with at least 3 repetitions to avoid the effect of time variation on the results. Figure 3 illustrates flow velocity profiles. All measurements were conducted in dominant discharge. For Anarestan, the profile was taken from the third cross section (see Figure 7 ) along the central axis of this river reach which has a flow discharge of 6.9 m 3 /s. For Daroonkola reach, the profiles were taken at the points in the second and third cross sections. These points were located 15 m from the left bank and the central axis. The flow discharge was 5.12 m 3 /s. For Klarikola reach, the velocity profile was taken from the point in the third cross section which was 5 meters from the right bank. The flow discharge for this river reach was 7.3 m 3 /s. To survey the topography of river reaches, the bed slope and the water surface slope, a Leica total station camera (TC 1700) with the accuracy of 1.7 seconds was used. In order to reduce errors caused by equipment, the distance between the camera and the upstream cross section of the river reach was nearly equals to that of to the downstream cross section. Two points were selected to check whether the camera was set up correctly or not: one point was located at the starting point of the river reach and another at the end of river reach. Before starting any survey, the coordinates of these 2 points were surveyed. If the difference was only 1 millimeter or less, the surveying operations started. Ropes were used over water surface to construct an almost regular network grid on riverbed. The intervals of the network grids have following dimension (length × width): 0.5 m × 0.5 m, 1 m × 1 m and 2 m × 1 m, where the first number is the grid length along the flow direction, and another one is the grid width cross the river (perpendicular to flow direction). By using these networks, the average point density (for measurements) was about 1.85 points per square meters. Figure 4 shows density of surveyed points plus Triangular Irregular Network (TIN) map of bed elevation for one of the study river reaches. Riverbed elevation and surveyed points can be observed in the legend of this figure. Table 2 shows the point density of each river reach and the area that water flows. After collecting data, the bathymetry was obtained from a pointbased TIN. By inputting data into the surveying software, it was observed that the network of 1 m × 1 m grid was easier than the first grid (0.5 m × 0.5 m) for surveying, but showing the same survey accuracy for gravel-bed rivers. Also, the third survey grid (2 m × 1 m) gives the reasonable information about unspecific bedforms and topographic changes of riverbed. Using the selected grids, Figure 5 illustrates two cross sections and the longitudinal bed profile of a selected river reach along the central axis. All surveying operations were conducted in March and April.
CALCULATIONS Friction factor with bedforms
Based on data collected for riverbed, the topographic maps of each reach were plotted; the longitudinal profiles of river bed for the central axis of each reach were also presented. In this way, the bedforms are detectable and their dimensions can be measured by means of detail surveying. There are several methods to find the crest location and trough location, and then to determine the geometric characteristics of individual bedforms (van der Mark et al., 2008) . A bedform-tracking tool was developed by van der Mark and Blom (2007) . By using this bedform-tracking tool, several bedforms with very small length and height could be identified. It is impossible to measure flow characteristics over all the identified bedforms in study river reaches. Therefore, using smooth filter method by considering the places where flow measurements were conducted, seven bedforms were selected in study river reaches. Figure 6 illustrates the detrended riverbed for locating bedforms. Figure 7 shows seven selected bedforms in four study river reaches. The steepness and the ratio of bedform height to bedform length were used in van Rijn method.
Van Rijn (1984) developed the following equations:
where, Δ and Λ are the bedform height and bedform length, respectively; D 50 is median bed particle diameter in which 50 percent of particles are smaller than it; h is flow depth and T is transport-stage parameter which shows the effect of dimensionless shear stress and is defined by van Rijn as:
where * u′ is grain shear velocity which is a measure of velocity gradient due to the bed grains and *c u is critical grain shear velocity due to threshold of motion of grains.
Equations 1 to 3 are developed by van Rijn for sand-bed streams. These equations and parameters in the equations were obtained by regressional and dimensional analysis. They may be used beyond of their application ranges. Accordingly, the flow depth h and the transport-stage parameter T can be determined using Equations 1 and 3, respectively. In fact, once T is determined from equation 3, the only unknown parameter in equation 1 is h. In this study, the value of critical shear stress, u *c , was calculated from the Shield's diagram (Dey, 2014) . Since the median grain size of particles investigated herein is larger than 6 mm, from the Shield's diagram, the τ * has a constant value of 0.06 in the fully rough turbulent flow region. Therefore, u *c can be calculated as follows:
( )
where, g is gravitational acceleration and SG = ρ s /ρ. Also, the dimensionless grain diameter can be determined as:
where, υ is kinematic viscosity. The grain shear velocity, * u′ , can be calculated by using empirical methods. Herein, three methods were considered: the first one was suggested by van Rijn by using roughness due to grain size, C'; the second one is by using the boundary-layer characteristics method (BLCM) (Afzalimehr and Rennie, 2009) and the third one is by replacing c (Chezy coefficient) instead of C' which is defined by Equation 7. In the first method proposed by van Rijn, grain shear velocity can be written as: 
where u is the depth-averaged flow velocity; R b is the hydraulic radius related to channel bed and calculated from method proposed by Vanoni and Brooks (1957) that for wide channels, R b = h; and D 90 is the grain size in which 90 percent of the particles are finer than it. Combining Equations 6 and 7, following equation is yielded:
On the other hand, the logarithmic distribution of velocity profile is presented as:
where k is von Karman coefficient and has the average value of 0.4. This value of k has been reported by different researchers (e.g., Afzalimehr, 2010; Kironoto and Graf, 1994 
Therefore, the total friction factor can be calculated as:
where f′ and f″ are friction due to grains and bedforms, respectively. The friction factor due to particles can be estimated as: 
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The total f may be determined as:
where the total shear velocity (u * ) is calculated by using the BLCM method (Afzalimehr and Anctil, 2000) as follow:
where, C is a constant depending on flow condition and has to be evaluated. Afzalimehr and Anctil (2000) and Afzalimehr and Rennie (2009) claimed C = 4.4 using based on laboratory experiments and field studies, respectively; u max is the maximum flow velocity in a velocity profile; δ * is the displacement thickness; and θ is the momentum thickness. According to Schlichting and Geresten (2000) , these thicknesses are defined as:
The importance of using the BLCM method is that Equation 15 not only uses the boundary-layer characteristics, but also it contains the effect of non-uniformity of bed via a velocity profile. This non-uniformity is due to flow variation over bedform. Therefore, BLCM takes into account both grain friction and form friction, using the shape of velocity profile.
The third method is the modified van Rijn's method using Chezy coefficient as follow:
where, c′ is the grain Chezy coefficient, h′ is bed flow depth and s is the averaged bed slope of a reach. In this study, considerable points in 4 river reaches were measured along the riverbed in order to calculate the bed slope accurately instead of determining it only using the first point and the end point of the river reach. Figure 8 illustrates calculated slope for each bedform. The bold line considers the variations of riverbed on slope, showing the accurate slope determined by this method. To determine friction factor (f) or total Chezy coefficient (c), following relations was applied (Julien, 2010): 8 5.75 log 12
where s K is the total grain roughness parameter suggested by van Rijn which depends not only on the grain roughness size ( ' s K ), but also on the bedform length (Λ) and the bedform height (∆). Also, Yalin's method to calculate the Chezy coefficient was considered as follow:
Method of double-averaged velocity
To resolve the spatial heterogeneity in streams with bedform, the time-averaging method is conceptually supplemented by the area-averaging method in the layer parallel to the mean bed surface called the double-averaging methodology (Dey, 2014) . Nikora et al. (2001) defined the double-averaged velocity over a specific horizontal plane at level z, as below:
where Ω is horizontal domain parallel to the river bed with the area of L x × L y located at level z; function A f (z) is void distribution corresponding to the fraction of the area occupied by the fluid at a given elevation of z; and dummy variables α and β are such that 0<α<L x and 0<β<L y . The flow depth and shear velocity for each bedform are also the average of different depths. The shear velocities are calculated by double-averaging method along of each bedform. Figure 9 shows the bedform of Daroonkola reach with measured velocity profiles and Figure 10 shows application of the double-averaging method for the bedform of this river reach. In Figure 9 , the horizontal axis shows the distance from the upstream cross section of the second river reach in Daroonkola reach. All profiles were measured along the central longitudinal axis of river. Table 3 presents the bedform dimensions including height (Δ) and length (Λ); the measured flow depth; critical shear velocity; the grain shear velocity * u′ (1) calculated using Equation 6 and * u′ (3) calculated using Equation 18; * u determined using the BLC method (Equation 15) and also transport-stage parameter (T) calculated by the mentioned methods.
RESULTS AND DISCUSSION Results
Considering the first objective of this research and observed from Figures. 3, 7 and 9, one can clearly say that application of a single profile at a specific location over a bedform cannot be representative, showing the necessity of using more robust techniques to estimate mean velocity and shear velocity in order to make a better prediction from the friction factor. Figure  10 shows that the double averaged method can be used reasonably to present a suitable mean velocity profile and then to determine shear velocity and friction factor over an unspecific bedform in a gravel-bed river.
The significant parameters were developed by van Rijn and Yalin for dunes in sand-bed rivers to predict the friction factor. Regarding the second objective, the significant parameters were applied to predict the friction factor over unspecific bedforms in different reaches of a gravel-bed river. Figure 11 shows the comparison of Chezy coefficient calculated using Equations 20 and 22. In gravel-bed streams with bedforms, application of Equation 20 to present the roughness effect is appropriate because it considers the dimensions of bedforms (Figure 11 ). Figure 11 shows the difference between two methods for calculating K s for gravel-bed rivers. As bedforms and grain size of riverbed play vital roles in calculation of K s , higher values of K s calculated by van Rijn are more realistic; showing better performance of van Rijn's method than Yalin's method in this study, as shown in Figure 11 . Friction factor over bedforms is different from that over the flat bed because bedforms cause flow separation and considerable kinetic energy dissipation. Therefore, it is required to apply total friction consists of particle friction and form friction instead of only particle friction. Using Equations 13 and 14, the value f″ can be calculated by Equation 11. Table 4 presents a summary of friction factor calculations. As shown in Table 4 , the contribution of form friction in total friction is considerable. Thus, neglecting the form friction will significantly underestimate friction factor used in hydraulic models. Figure 12 displays the bedform dimensions and variations in water surface elevation, velocity and shear velocity, Froude number and Reynolds number, grain size and sediment distribution along the bedform. Accordingly, for a river reach of 17 m long, it is noticed that there are considerable variations in riverbed elevation, shear velocity and grain size. One can see from Figure 12 , from upstream to the crest of each bedform, the flow is decelerating, exactly opposite of dunes stoss (upstream side of bedform). Also, in this region, shear velocity increases, but not up to critical value to move coarse particles.
It should be mentioned that van der Mark and Blom (2007) proposed a bedform tracking tool which may be used to predict the geometric variables of an individual bedform from the original bed elevation profiles. The application of this bedform tracking tool was not useful for the present study river reaches due to the high value of K s . To make this tool more applicable in coarse-bed rivers, more research is required. Figure 13 displays variations in aspect ratio with friction factor, revealing a variable changes along the bedform. In downstream side (lee side) of each bedform, an increase in aspect ratio is observed. In general, it is difficult to draw a clear relationship between aspect ratio and friction factor over unspecific gravel-bedforms; this is confirmed by the presented results in Table 4 . Table 4 presents the results for the average aspect ratio and average friction factor. Figure 14 illustrates the effects of Froude number, bed slope, dimensionless grain size and the ratio of shear velocity to its critical value on bedform steepness. As shown in Figure 14 , a decrease in Froude number leads to a decrease in the height of bedform and thus results in the formation of a flat bed. This finding confirms van Rijn's statement (Dey, 2014) where T>25 a flat-bed flow will be generated. Regarding the effect of dimensionless grain size on the steepness of bedform, a decrease in sediment sizes results in an increase in the steepness of bedform (∆/Λ), because the flow can carry more finer sediment particles.
Discussion
Comparison between grain shear velocity determined by van Rijn's method by using roughness and shear velocity determined by the boundary-layer method (u *bou ) shows that both methods present approximately similar values for bedforms of 2 to 7. However, the grain shear velocity determined by using c instead of C' shows a significant different from that by using the boundary-layer method (u *bou ).
Following two hypotheses may be used to explain the difference between calculated grain shear velocities (by means of different methods) and critical shear velocities: 1) The first hypothesis is that bedforms dimensions of the selected gravel-bed river were generated during a high flow with the average flow depth and shear velocity of much more than 0.44 m and 0.1 m/s, respectively. Therefore, van Rijn's method can be applied in gravel-bed rivers if such a high flow generates the bedforms, but this method is not applied under normal flow condition.
2) The second hypothesis is that van Rijn's method was calibrated with small particles size (sand-bed). Therefore, application van Rijn's method in gravel-bed rivers leads to underestimation of bedforms dimensions in gravel-bed rivers. 13 . Distribution of aspect ratio with friction factor along a river reach. Figure 15 illustrates two riverbed profiles along the central axis of Daroonkola reach with the length of 54 m, the first river reach for two survey periods. It is obvious that with an average discharge of 4.3 m 3 /s, there is an erosion volume (per unit width across the river) of 5395.5 m 2 during a period of 80 days for this river reach. Since the river has the high flow in March and April, therefore, the increased sediment transport leads to generation of bedforms (Figure 15) . Accordingly, the first hypothesis is rejected and probability of occurring such a flood with average depth of much more than 0.44 m near to 3m to create measured bedforms in this study is zero. However, regarding the second hypothesis as mentioned above, van Rijn's method is applied to the channel with the particle size ranges from 490 μm to 3600 μm, calling the modification of the van Rijn's method in order to apply it in the gravel-bed rivers. The results reveal that the modification of this method can be applied to evaluate bedforms dimensions accurately. However, its application in river reaches with small bedforms (approximately flatbed) and T>25 is more justifiable. 
CONCLUSIONS
Using the collected data from 4 gravel-bed river reaches with a total length of 356 m, it is found that application of developed equations for sand-bed streams can be modified to apply to an unspecific bedforms of gravel-bed rivers. The modifications were done by using the double-averaged method to estimate mean velocity and mean shear velocity to evaluate the friction factor. Results showed that application of doubleaveraged method is justifiable for an unspecific bedform with reasonable confident limit in river engineering studies.
Based on the observations of the deformation of riverbed during a period of 80 days, it was found that the mechanism of degenerating bedforms remained the same for higher discharges. However, for a specific discharge of 4.3 m 3 /s with the flow depth of 0.3 m and average velocity of 0.7 m/s, only small particles (sand) got moved to generate gravel-bedforms.
Neglecting the effect of form friction even in small bedforms (flatbed) may considerably change the estimation of total friction factor, result in unrealistic evaluation as the input of river engineering models.
Most of experimental studies in flumes are conducted with small aspect ratio (W/h<6) and the flume results may not be extended to natural rivers. This reveals the necessity to carry out research in the field for different range of aspect ratios. This study showed that interaction of aspect ratio and bedform plays a significant role in the variation in friction factor for a gravelbed river, calling for more attention to this part of research in gravel-bed rivers. The results of present study does not support from a clear relationship between aspect ratio and friction factor due to very complex interaction among the controlling variables of friction factor.
